Introduction
Subantarctic (SA) waters form a ring which occupies 10ø-20 ø of latitude between the Subtropical Convergence (STC) and the Polar Front (PF) [Longhurst, 1995; Banse, 1996] . This circumpolar band is comparable to the areal extent of the open Southern Ocean south of the PF. Whereas the majority of studies have focused on the waters south of the PF, comparatively little is known about SA waters [Longhurst, 1995; Banse, 1996] . Data are available on phytoplankton biomass (primarily inferred from coastal zone color scanner (CZCS) remote sensing and data archives [Longhurst, 1995; Banse, 1996 [Chang and Gall, 1998 ] in SA waters. However, little is known about the role of environmental factor(s) in controlling phytoplankton growth and/or determining the size structure of the algal assemblage in SA waters. primary production [Sedwick et al., 1997] . Moreover, the region is also characterized by low Si levels in summer [Vincent et al., 1991] and relatively deep mixed layers in spring and autumn (M. Hadfield, personal communication, 1998). Heath and Bradford-Grieve [1980] suggested that irradiance levels may limit algal growth over the Campbell Plateau (south of New Zealand in SA waters), whereas Banse [1996] , on the basis of an analysis of chlorophyll a levels versus mixed layer depth (MLD), reports that underwater irradiance did not influence seasonal mean chlorophyll a levels. Thus the environmental factors controlling phytoplankton growth in SA waters over the annual cycle are as yet unresolved and may be complex [see Dugdale et al., 1995; Sunda and Huntsman, 1997; Maldonado et al., 1999] .
The aims of the present study were to contrast the magnitude of phytoplankton biomass and production in SA, STC, and subtropical (ST) waters, to elucidate the environmental factor(s) (grazing was not considered) that controls algal biomass in SA waters and relates them to physical and chemical data for this region, and to assess how the control mechanism(s) impacts the seasonal cycle of algal production, biomass, and size structure.
Methods and Materials

Two survey (May 21 to June 2 and September 24 to October 13, 1997) and two process voyages (April 28 to May 8 and October 16 to November 6, 1997) transected the 178ø30'E meridian from 42ø20'S to 47øS (Figure 1). SIX short-term process stations (1-2 d.ays) and two longer-term process stations
(5-6 days) were occupied during the April/May (austral autumn) and October/November (austral spring) voyages, respectively ( Figure 1 ). Both discrete (conductivity-temperaturedepth (CTD) rosette) and underway (nontoxic pumped seawater supply) samples were collected on all voyages. Temperature and salinity vertical profiles were obtained using Seabird 9/11 plus CTD sensors calibrated periodically with discrete samples. Underway thermosalinograph data for the voyages were not available (see section 4.4). Chlorophyll a and active fluorescence measurements were performed on discrete samples taken underway using a calibrated Turner Designs Fluorometer and a Chelsea Instruments Fastracka fast repetition rate fluorometer (FRRF [Kolber and Falkowski [1993] ), respectively. Samples for macronutrients (Si, nitrate, and phosphate) were taken underway and analyzed by Flow Injection Analysis (Quikchem 8000 instrument) following the procedures of Lachat Instruments [1996] .
On the process voyages, additional water samples for the determination of chlorophyll a and primary production were obtained concurrently from acid-cleaned 10 L Niskin bottles with nylon-covered stainless steel springs. Incident and underwater photosynthetically active radiation (PAR) were measured using calibrated LiCor collectors (Models Li190 (cosine) and Li194 (spherical), respectively). Size-fractionated chlorophyll a and production were measured using fluorimetry Water samples for dissolved iron (DFe) and for in vitro perturbation experiments were obtained using 2.5 L and 30 L Teflon-lined Go-flo bottles, respectively, suspended on Kevlar line and tripped with plastic messengers. Water samples for DFe were sampled concurrently with those for algal Fe stress but up to 24 hours after those for algal biomass/production (see section 4.4). Within the shipboard clean laboratory, samples for DFe were drawn through acid-cleaned polycarbonate filters (0.45/am) with a peristaltic pump connected via Teflon tubing to the Go-flo samplers (which were racked outside). One liter of tiltrate was discarded prior to collection of a 1 L sample in a precleaned, fluorinated sample bottle without acidification. Fe was analyzed within 30 days of the end of the voyage by graphite furnace atomic absorption spectrophotometry (GFAAS) after solvent extraction of dithiocarbamatechelated metals into CHC13 in the manner described in detail by Frew and Hunter [1995] .
All sample manipulations to the point of GFAAS were carried out in a Class-100 clean laboratory. Water samples were acidified (2 mL of 10 M ultrapure HC1 per liter of sample) 24 hours before analysis to desorb metal ions from the bottle surfaces. The sample aliquot to be extracted was generally 150 g, and duplicate aliquots were analyzed for each sample.
Extraction efficiencies were 95 _+ 4%, blanks were <0.02 nM, and the detection limit was 0.05 nM (2 o-); analytical precision as estimated by the standard deviation of duplicate extractions of the same sample was <5% in each case. Reported results have been corrected for recovery/blanks.
In situ algal Fe stress was measured on 50 L samples from both underway sampling along 178ø30'E, and using subsamples from in vitro Fe enrichment experiments carried out in SA waters (May and October). Samples were filtered, and total protein was extracted, as previously described by LaRoche et al. 
Water Mass Properties
The north to south transects along 178ø30'E crossed two main water masses separated by a frontal boundary (see Plate 1), which are described by the temperature/salinity (T/S) properties of warm, salty ST waters; intermediate salinity (coldest) STC waters; and cold, less saline SA waters (Figure 2) . The atypically cold surface waters observed at the STC were due to an intrusion of a tongue of cooler surface water (P. Sutton, unpublished data, 1998.) Macronutrient levels were generally higher in SA waters than in STC or ST waters (Table 1); however, this south to north trend was followed to a lesser degree by Si. In general, macronutrient values in austral spring were higher than those in autumn at each site. DFe levels were available for May only and ranged from 3 nmol kg -• in ST waters to subnanomolar levels at station F (Table 1) 
Bio-optical Properties
The MLD, arbitrarily defined as the depth (nearest the surface) where temperature first decreases by 0.1øC over a 1 m or greater depth interval, was greater in spring than in autumn for SA waters; the opposite trend was observed for ST waters (Table 2) Estimates of the annual Si uptake in SA waters, estimated using diatom carbon uptake rates (present study) in conjunction with published diatom Si:C ratios, suggest that 151-817 mmol Si m -2 yr -• (Table 3b) Brzezinski [1985] , who reports that the use of this ratio to estimate Si requirements is reliable within a threefold margin of error. Thus the estimated annual Si requirement appears to be balanced by available Si. However, the upper Si uptake rate, which takes into consideration how Fe limitation may elevate Si:C uptake ratios [Boyle, 1998 ], is more than twofold higher than the Si available (advection excluded) over the annual cycle. Although a number of assumptions are made in this calculation, the outcome suggests that a marked supply of Si to surface waters is required over the year. However, if Si was supplied vertically, it would also result in upwelled DFe, which would likely permit "Fe-limited" diatoms to take up [Whitney and Freeland, 1999] . This large difference in annual Si uptake between these regions is puzzling since algal biomass levels, production rates, and the contribution of large diatoms to biomass/production are comparable  this study]. In addition, the ratio of Si:NO 3 uptake should be similar as both regions are HNLC [Takeda, 1998 ]. Banse [1996] reports that algal pigment concentrations in summer are independent of MLD, pigments may not accurately reflect algal biomass due to photoacclimation; Bradford-Grieve et al. [1999] report greater than twofold changes in the C:chl a ratio in SA waters. With the shoaling of the mixed layer, there may be a corresponding reduction in algal cellular Fe requirements [Raven, 1990] such that Fe supply may control algal growth rates in late spring/early summer. During summer, if Si levels become vanishingly low, or less than the K s of the resident cells, then Fe/Si colimitation or, indeed, Si limitation of algal growth rates may occur.
